The term niacin is the generic name for the two compounds nicotinic acid and nicotinamide, the major dietary precursors for two important coenzymes, nicotinamide adenine dinucleotide (NAD) and its phosphorylated form, NADP. Niacin is important for the maintenance of cellular integrity and energy production and is involved in more than 500 intracellular reactions. Deficiencies of niacin may contribute to neuropsychiatric and neurodegenerative disorders. Patients who develop nutritional deficiencies as a result of poor dietary intake, could potentially suffer from niacin deficiency and NAD depletion.
synthesis is not limited by a decrease in tryptophan and excessive IDO activity may therefore lead to a decline in tryptophan levels. Antidepressants have an anti-inflammatory effect, including reduction of interferon-gamma and therefore inhibition of IDO, the ratelimiting enzyme of the kynurenine pathway. In theory, this could account for increased serotonin as more tryptophan becomes available for serotonin synthesis. However, the downside may be that less NAD and niacin are synthesised downstream, which could exacerbate common psychiatric problems. It is our hypothesis that patients with poor dietary intake, who are treated with antidepressants, are at risk of developing niacin/NAD deficiency with possible development of associated neuropsychiatric symptoms.
We therefore propose that niacin supplementation be considered in patients with inadequate diets who are treated with antidepressants. We believe that if this does not happen, a subclinical niacin deficiency may result, which would be difficult to detect as it would cause the same symptoms of the original illness (e.g. depression). Niacin deficiency should be considered and ruled out in all patients with treatment-resistant depression, who have a poor response to antidepressants. This is potentially a cost-effective and easy intervention, which could be examined in a randomized controlled trial.
Introduction
The term niacin is the generic name for the two compounds nicotinic acid and nicotinamide, the major dietary precursors for two important coenzymes, nicotinamide adenine dinucleotide (NAD) and its phosphorylated form, NADP [1, 2] . Niacin is biosynthetically converted to NAD, an acceptor of hydride equivalents, to form the reduced nucleotide NADH. NAD and its phosphorylated and reduced forms, NADP, NADH and NADPH are essential for the maintenance of cellular integrity and energy production and are said to be involved in more than 500 intracellular reactions. NAD serves as cofactor in oxidationreduction reactions and as substrate in important biochemical reactions such as mono-and poly-ADP-ribosylation, protein deacetylation, and ADP-ribose cyclization [3] . NAD is the substrate for the DNA nick sensor, poly (ADP-ribose) polymerase (PARP) which is essential for the repair of DNA damaged by reactive oxygen species. In addition, NAD serves as substrate for sirtuins (silent information regulator of gene transcription), a class of enzymes shown to play a role in gene silencing and said to be of importance for longevity. Another far-reaching effect of NAD is through the NAD-dependent ADP-ribose cyclization that produces mediators of calcium signalling [3] [4] [5] .
Deficiencies or disturbances in the levels of NAD or its phosphorylated or reduced forms, have been implicated in many diseases, including neurodegenerative disorders [5, 6] .
Indications are that supplementation of NAD, often in the form of niacin, can protect neurons from degeneration caused by mechanical and neurotoxic injury, autoimmune activity and ischaemic damage, and that it may have beneficial effects in conditions such as Parkinson's disease, autism, chronic fatigue syndrome and possibly major depression and anxiety [3, 5, 7, 8] .
Niacin deficiency, and by implication NAD depletion, may develop either as a result of inadequate dietary intake of niacin or tryptophan, or secondary to conditions that interfere with absorption [9, 10] Medications can also cause niacin deficiency, for example, patients with Parkinson syndrome treated with L-dopa is said often to suffer from niacin deficiency [11] .
Despite the serious consequences of niacin and NAD depletion, these substances are hardly ever measured in the clinic. Niacin deficiency is usually assumed by the appearance of symptoms of pellagra and, occasionally, by the determination of metabolites of niacin excreted in the urine [12, 13] . Pellagra is characterised by photosensitivity, diarrhoea, dermatitis and dementia. However, it is important to note that even in the absence of a diagnosis of pellagra, niacin deficiency may have effects on neuropsychiatric functioning [9, 10] . Symptoms such as irritability, poor concentration, memory problems, anxiety, fatigue, restlessness, apathy, sleep disturbances, depression and dementia may result from niacin deficiency without it being recognised as such [9, 10] .
The possibility of undiagnosed niacin deficiency underlying neuropsychiatric symptoms or disorders such as dementia is perhaps more pertinent in patients with poor dietary intake and in conditions with malabsorption. However, niacin, despite being classified as a vitamin, can also be synthesized in the body which probably offers a degree of protection in conditions of dietary insufficiency. De novo synthesis of niacin and NAD, as described in later paragraphs, increases in conditions marked by pro-inflammatory activity and is suppressed by substances with anti-inflammatory activity. The hypothesis is put forward that patients with poor dietary intake, who are treated with antidepressants, are at risk of developing niacin/NAD deficiency with possible development of the associated neuropsychiatric symptoms.
Sources of niacin and NAD
Niacin (nicotinamide and nicotinic acid) is abundant in fish, eggs, dairy products and in some vegetables [1] . Although meat is considered poor in niacin it contains NAD and NADP that are cleaved by mucosal enzymes and by nicotinamidase in the GIT to form nicotinamide and nicotinic acid, respectively, which are then absorbed into the circulation [1] .
Both nicotinamide and nicotinic acid can be metabolised to NAD, but the pathways differ.
Nicotinamide is metabolised to the pyridine nucleotide merely by reacting with phosphoribosyl-1-pyrophosphate. Nicotinic acid, however, must react with 5-phosphoribosyl-1-pyrophosphate to form the nicotinic acid mononucleotide, which then condenses with ATP to form the nicotinic acid analogue of NAD, which is subsequently converted to NAD by a reaction with glutamine and ATP [1, 14, 15] . Although niacin is generally described as a vitamin, niacin and NAD can also be synthesized in the body. See Figure 1 . Tryptophan is the major substrate for the de novo synthesis of NAD. In the de novo pathway, synthesis from tryptophan occurs as part of the kynurenine pathway in the so-called tryptophan-nicotinamide pathway. NAD can also be generated by recycling degraded NAD components such as nicotinamide, nicotinic acid and nicotinamide riboside in the so-called salvage pathways [6, 16] .
Although it has in the past been assumed that, under normal conditions, only about 2% of niacin, and by implication NAD, is derived from de novo synthesis [17] , there are indications that the contribution is of much greater importance, even in normal healthy populations.
Recent research from Japan reported nicotinamide synthesised from tryptophan in normal healthy Japanese to be almost equal to that from dietary intake [16] . Synthesis from tryptophan has even been suggested as the primary source of NAD in the body [14] . IDO induction is regulated by pro-inflammatory cytokines such as IL-6 and IFN-gamma (6) . NAD can also be salvaged from its turnover products (7).
Pro-inflammatory activity and the kynurenine pathway (de novo synthesis of niacin and NAD)
In the absence of sufficient dietary-derived niacin, tryptophan oxidative degradation in the kynurenine pathway remains the only metabolic route for the de novo synthesis of NAD and niacin [14] . The rate limiting step of tryptophan oxidation in the kynurenine pathway occurs under influence of the inducible enzyme indoleamine 2,3-dioxygenase (IDO) and is not limited by a decrease in tryptophan levels [18] . Pro-inflammatory cytokines are the driving force of IDO-activity. The main cytokines for the induction of IDO are the pro-inflammatory cytokines interferon-gamma (IFN-γ) *19] in the periphery and interleukin-6 (IL-6) in the central nervous system, but other pro-inflammatory cytokines may also have an influence [20] . De novo synthesis increases dramatically in chronic inflammatory conditions [21] . This inflammation-induced increase in activity in the kynurenine pathway may cause a drain on tryptophan levels that may reduce the availability of tryptophan for the biosynthesis of serotonin and melatonin [18, 22] . In addition, excessive increases in activity in the kynurenine pathway may lead to the accumulation of the neurotoxin quinolinic acid, the direct precursor for NAD synthesis [14, 23] . Nicotinamide levels increase in parallel with increases in quinolinic acid up to levels where saturation of the enzyme quinolinate phosphoribosyl transferase occurs. Toxic accumulation of quinolinic acid may occur with higher levels [24] .
Inhibition of the kynurenine pathway
As the activity of pro-inflammatory cytokines is the main driving force behind increased tryptophan degradation in the kynurenine pathway, any factor that suppresses inflammatory cytokine activity, e.g. the synthesis of IFN-gamma in the periphery and IL-6 in 8 the central nervous system, will counter the tryptophan drain. However, several beneficial effects have been described to inflammation-induced tryptophan depletion, including tryptophan depletion as a mechanism to starve pathogens and cancer cells and to facilitate immune tolerance [14] . In addition, inhibition of the activity of the kynurenine pathway will lower de novo synthesis of NAD that could, in the absence of adequate dietary supply of NAD precursors such as niacin, lead to intracellular NAD depletion. The effects of NAD depletion are widespread including reduced cell viability, compromised NAD-dependent SIRT1 activity and impaired central nervous system function [4] .
Anti-inflammatory actions of antidepressant medication
Antidepressants have been reported to successfully control the immune reactivity and cytokine responses in depressed patients [25] , and may be of benefit to patients with depression due to general medical conditions and depression induced by the therapeutic use of pro-inflammatory cytokines [26, 27] . Antidepressants can suppress the secretion of pro-inflammatory cytokines, but other effects also exist through which antidepressants could counteract the effects of pro-inflammatory cytokines, including stimulation of the release of cytokine antagonists such as IL-1 receptor antagonist, and by acting as inhibitors of pro-inflammatory mediators such as cyclo-oxygenase [28] .
Antidepressants have been shown to affect at least two types of immune cells: a) glial cells, which are the major immune cells responsible for inflammation in the brain and T helper 1 cells (TH1) [29] . Some types of anti-depressants (e.g. imipramine, fluvoxamine and reboxetine) have been shown to inhibit activated glial cells [28] . In addition, diverse antidepressants belonging to different families, such as imipramine, venlafaxine, fluoxetine, clomipramine, sertraline and trazodone, consistently reduce the IFN-γ/IL-10 ratio through their actions on TH1 cells [30] . Thus, antidepressants may exert their anti-inflammatory effects by decreasing pro-inflammatory cytokine levels (e.g. IFN-γ) or by increasing antiinflammatory cytokine levels (e.g. Il-10) [29] .
The mechanism by which antidepressants effect immune cells is widely accepted to involve upregulation of intracellular cAMP levels through the cAMP-protein kinase A pathway, possibly by suppressing phosphodiesterase catalyzed breakdown of cAMP [28, 29] .
Adjunctive treatment with anti-inflammatory agents may augment the therapeutic efficacy of anti-depressant medication. This suggests that antidepressants may act on downstream neurochemical consequences of elevated immune-inflammatory signaling, rather than exerting direct effects on signaling activity [31] .
Niacin and NAD+ levels in patients with poor dietary intake
Eating disorders are often characterized by malnutrition [32] and it is feasible to expect the dietary intake of niacin to be compromised. Although a number of cases of pellagra have been described in association with anorexia nervosa [10, 33] , niacin or NAD levels have not been documented. However, nutritional deficiencies in psychiatric patients are not limited to those with eating disorders and nutritional supplementation has, in addition to patients with eating disorders, been suggested for individuals suffering from depression, bipolar disorder, schizophrenia, anxiety disorders, attention deficit/attention deficit hyperactivity disorder, autism and certain addictions [34] . Nutritional deficiencies are, for instance, relatively common in depressed patients where poor food choices may contribute to a deficit in those amino acids needed for the synthesis of essential neurotransmitters such as serotonin and noradrenalin [34] .
Amino acids and the B vitamins are amongst the most common nutritional deficiencies described for patients with mental disorders [34] . In contrast to other B vitamins, niacin levels are generally not included in nutritional surveys on psychiatric patients and published values do not exist. Nevertheless, it seems reasonable to assume a dietary deficit of niacin in patients with a general nutritional deficiency. At variance with essential amino acids and most vitamins, niacin, and by implication NAD are not solely dependent on dietary intake of niacin. It can also, as described in previous paragraphs, be synthesized in the body through the oxidative metabolism of tryptophan. The rate of this de novo synthesis of niacin and NAD in the kynurenine pathway of tryptophan metabolism depends on the presence of proinflammatory mediators.
Conditions associated with increased activity in the kynurenine pathway
Increased tryptophan degradation in the kynurenine pathway is reported for many diseases marked by increased pro-inflammatory activity, including various infections, autoimmune disorders, malignancies and neurodegenerative disorders [21] . Above normal levels of proinflammatory cytokines have also been reported for many psychiatric conditions [35] .
Although, as yet no clear picture exists with regard to the cytokine profile in eating disorders, indications are that pro-inflammatory cytokines such as IL-1, IL-6, TNFα and IFN-ƴ, may be instrumental in the pathogenesis of eating disorders [36] . In contrast to eating disorders, the link between many other psychiatric disorders, especially depression, and pro-inflammatory activity is well-known. [35, 37] .
It seems reasonable to assume that the presence of pro-inflammatory cytokines in these patients will stimulate de novo synthesis of NAD and its precursors and that it may even compensate for possible deficits in the dietary intake of niacin. This increase in de novo synthesis as a result of pro-inflammatory activity could, however, be suppressed by the antiinflammatory actions of antidepressants.
In summary
Patients who develop nutritional deficiencies as a result of poor dietary intake could potentially suffer from niacin deficiency and NAD depletion. However, de novo synthesis in the kynurenine pathway, due to induction of the enzyme IDO by pro-inflammatory cytokines such as interferon-gamma may, at least partially, compensate for the impaired dietary intake. Antidepressants have an anti-inflammatory effect, including reduction of interferongamma and therefore inhibition of IDO [38] , the rate-limiting enzyme of the kynurenine pathway through which tryptophan is metabolized. In theory, this could account for increased serotonin as more tryptophan becomes available for serotonin synthesis.
However, the downside may be that less NAD and niacin are synthesised downstream, which could exacerbate common psychiatric problems.
Niacin supplementation in patients who are known to have an inadequate diet or who have absorption problems and are started on antidepressant medication would provide the necessary building blocks for NAD synthesis. Indications are that niacin supplementation not only restores the NAD levels [4] but also has a feedback mechanism that decreases the tryptophan drain [39] . However, care should be taken with the prescribed dosages as excessive intake of niacin may lead to toxic blood levels [40] .
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